Abstract
Metabolic syndrome represents a complex pathology, which includes central obesity, impaired glucose tolerance, atherogenic hyperlipidemia and hypertension. Other features associated with metabolic syndrome are proinflammatory state, oxidative stress, endothelial dysfunction, nonalcoholic fatty liver disease, microalbuminuria, polycystic ovarian syndrome, and hemostatic imbalance, resulting in a prothrombotic tendency. Genome-Wide Association Studies (GWAS) have suggested that the inherited variance in an individuals'risk of developing metabolic syndrome traits cannot be explained only by the variation in the primary sequence of the genome, and that epigenetic changes occurring in the prenatal and postnatal period may intervene in the pathophysiology of metabolic syndrome, and may partially explain the "missing heritability" (1) .
Epigenetics refers to changes in gene expression without changing of the DNA sequence. This approach was born on the grounds that all tissues contain the same genes, but their expression, the "phenotype" is different at a given stage in a given tissue. The explanation is that owing to epigenetic patterns, genes may be expressed at various extent, or silenced (permanently or transiently). These changes are mediated by DNA methylation of cytosine residues within cytosine-guanine dinucleotides (CpG islands), covalent histone modifications (methylation, acetylation, phosphorylation, ubiquitination), micro RNAs and polycomb group proteins, resulting in alterations of the chromatin structure and function, which promotes or inhibit gene transcription (2, 3) .
Influence of epigenetics changes on lipid metabolism in metabolic syndrome
Patients with metabolic syndrome display a particular lipid profile characterized by hypertriglyceridemia, low HDL cholesterol, predominance of atherogenic small LDL particles and high levels of apoB (4) . In subjects with central obesity, the enhanced release of free fatty acids (FFA) from the enlarged intraabdominal adipose tissue leads to an increased level of free fatty acids in the portal flow, which in its turn acts on the liver, stimulating the synthesis of VLDL, thus contributing to hyperlipidemia (5).
The role of epigenetic factors in the establishment of the lipid profile is stressed by a study showing that methylation of carnitine palmitoyltransferase 1A (CPT1A) gene is associated with VLDL and LDL phenotypes (6) . CPT1A is expressed in the liver and attaches carnitine to long-chain fatty acids, thus facilitating their transport to mitochondria for β-oxidation. Hence, increased expression of CPT1A should be associated with a more protective lipid profile, through an increase in the transport of triglycerides. Increased methylation at two CpGs located in the 5′ untranslated region regulatory region of CPT1A was correlated with a decrease in large and medium VLDL particles, and thus a decrease in the overall number of VLDL particles. The association of methylation status at one of these CpGs with a decrease in the small subfraction of LDL led to an association with an increase in average LDL diameter. These results suggest that an increase in methylation of CPT1A is associated with a favorable lipid pattern (6).
Mendelson et al in a study on obese children demonstrated an association between differential methylation of CPT1A and triglycerides, suggesting that alterations in DNA methylation may favor the development of obesity -related dyslipidemia (7) .
An important component of the metabolic syndrome is central obesity. The hypertriglyceridemic waist (HTGW) phenotype, defined as high waist circumference (≥ 95 cm in males and ≥ 80 cm in females) combined with increased serum triglyceride concentration (≥ 2.0 mmol/L in males and ≥ 1.5 mmol/L in females) is considered a marker of type 2 diabetes and cardiovascular disease. This phenotype shows association with DNA methylation within CPT1A (gene involved in fatty acid and triglyceride metabolism) and ABCG1 (gene encoding for ATP-binding cassette sub-family G member 1, involved in cholesterol efflux) (8) .
In obese subjects with metabolic syndrome under energy restriction, reduction in body weight, total fat mass, android fat mass, total cholesterol and triglycerides were associated with higher DNA methylation levels in the transcriptional regulatory region of SERPINE1 gene, which codes for PAI-1 (9), a potent antifibrinolytic mechanism, suggesting the complex influence of epigenetic changes not only on lipid pattern but also on the hemostatic balance.
In a population-based study, exploring the associations between components of the metabolic syndrome (fasting glucose, high-density lipoprotein cholesterol, triglycerides, blood pressure, waist circumference) and global leukocyte DNA methylation, it was shown that DNA hypomethylation is independently associated with hyperglycemia and reduced level of high-density lipoprotein cholesterol, both essential components of the metabolic syndrome (10) .
The effect of risk factors such as high cholesterol and homocysteine levels on atherogenesis is well documented at cellular level (on endothelial cells, monocytes/macrophages, smooth muscular cells), but the studies of their molecular effects on histones and DNA provide a deeper insight of these mechanisms. In an in-vivo model using 20-week old female apo E +/-mouse offspring from apo E -/-and wild-type mothers, it was shown that both prenatal induced and diet-induced hypercholesterolemia influenced histone methylation and lysine methyltransferase expression in vasculature. Moreover, these epigenetic modifications were different in endothelial cells and smooth muscle cells, suggesting the existence of a cell -specific responsiveness to a similar stimulating factor (11, 12) .
Hyperhomocysteinemia has been associated with a global reduction in genomic DNA methylation, as well as with a downregulation of the intracellular S-adenosyl methionine (SAM)/S-adenosylhomocysteine (SAH) ratio, which is a marker of the methylation status of the cell (13).
The progression of atherosclerotic occlusion in peripheral arteries resulting in ischaemic injury seems also to be influenced by epigenetic factors, such as DNA hypermethylation and histone modifications. The expression of oxidized low-density lipoprotein regulated pro-inflammatory gene within endothelial cells is controlled by phosphorylation/acetylation of histone H3 and acetylation of histone H4 (14) .
Environmental exposures inducing epigenetic changes can occur during intrauterine life, throughout lifespan, and the modifications can be transmitted to the next generations.
Metabolic syndrome and prenatal epigenetic factors
During periods of tissue development, as DNA is replicating at an accelerated rate, the genome is very sensitive to epigenetic intervention (15) . Several lines of evidence support the hypothesis that individuals with metabolic syndrome were prone to an incorrect "epigenetic priming"during fetal or postnatal development because of metabolic disturbances and inappropriate maternal nutrition (16, 17) .
Children exposed to prenatal famine have increased risk of type 2 diabetes, hypertension and other cardiovascular disease (18) . Maternal protein restriction has been shown to cause hypomethylation of key metabolic transcriptional regulators such as the glucocorticoid receptor, peroxisome proliferator activated receptor α (PPARα), and of the promoter of insulin receptor gene (16) .
Histone hyperacetylation in the promoters of metabolic regulatory gene PGC-1α, and lipid metabolism intermediate transporter gene, CPT1A were reported in rat offspring exposed to uteroplacental insufficiency during gestation (19) .
Because of developmental plasticity, not only poor maternal nutrition but also maternal obesity, diabetes and overfeeding can result in epigenetic alterations that amplify the risk of metabolic syndrome for the offspring (20) . Rat offspring of mothers on a high fat diet during gestational period had elevated liver triglycerides and an approximately 50% reduction in insulin receptor β at 3 months of life (21) .
Animal studies had shown that fetal CpG dinucleotides within promoters of hypothalamic genes involved in body weight and food intake regulation are vulnerable to methylation in overweight/diabetic overfed pregnant rat females. The hypercaloric/hyperglycemic gestational milieu induces alterations in the methylation pattern, which result in changes in gene transcription, and ultimately in an increased risk of developing obesity and metabolic syndrome for the offspring (22) .
An increased incidence of type 1 and 2 diabetes was reported in offspring of women with gestational diabetes or type 1 diabetes (23) .
These data suggest that epigenetic mechanisms are an interface between nutritional stimuli during development and resulting phenotype.
Metabolic syndrome and postnatal epigenetic factors
Epigenetic changes are not restricted to the gestational period but can occur in response a multitude of environmental factors throughout life; also, they and are not necessarily permanent modifications (24, 25) .
The risk of type2 diabetes was 1.3 to 1.6 higher in women exposed during their childhood to the Dutch Famine Winter 1944-1945, comparatively to unexposed women (26) .
A key element involved in type 2 diabetes pathogenesis is peroxisome proliferator activated receptor-γ (PPARγ) co-activator-1α (PGC-1α), which was identified as a candidate for epigenetic intervention in pancreatic islets of humans with type 2 diabetes (27) and in the liver of patients of non-alcoholic fatty liver disease (15, 28) .
The importance of the impact of environmental factors on metabolic syndrome is stressed by observations showing that exercise induces a decrease in DNA methylation of genes involved in retinol metabolism, calcium signaling pathways and with known functions in muscle biology and type 2 diabetes (29).
A study performed on human adipose tissue demonstrated genome wide changes in DNA methylation in response to exercise, potentially influencing adipocyte metabolism (30) .
The age-related increase in the prevalence of chronic disorders, including metabolic syndrome may be partially attributed to the accumulation of age-dependent methylation changes found in different tissues (31) .
It is well known that the prevalence of obesity, type 2 diabetes and cardiovascular disease tend to increase with ageing. This phenomenon might be explained by the dynamics of epigenetic changes throughout life span resulting in progressive, cumulative deleterious effects of various genes. This hypothesis is supported by the observation that within families at high risk for expressing metabolic syndrome traits, there are age-associated genomic loci densely situated near genes that function in the hedgehog signaling and the maturity-onset diabetes of the young pathways (32) .
A study demonstrating an inverse correlation between PAI-1 expression in human atherosclerotic plaques and the aortas of old mice and SIRT1, a class III histone deacetylase, suggested that SIRT1-mediated epigenetic inhibition of PAI-1 expression exerts a protective effect in vascular endothelial senescence (33) .
Metabolic syndrome and transgenerational epigenetic transmission
The epigenetic modifications are not completely erased during gametogenesis and embryogensis, resulting in a transgenerational transmission of an epigenetic state up to the fifth generation (34, 35) . The genetic predisposition for developing obesity was progressively exacerbated when the A(vy) allele of obese Agouti [A(vy)] mouse was passed along successive generations (36) .
In humans, paternal pre-conceptual obesity was associated with hypomethylation of the imprinted Insulin-like Growth Factor 2 (IGF2) gene in newborns (37) . A study in rats showed that female offspring of high-fat fed overweight fathers developed an early onset of impaired insulin secretion and glucose tolerance that worsened with time compared to controls (38) .
Conclusions
Metabolic syndrome is a multifactorial disorder, involving complex interactions among the genetic background and environmental factors, mediated through epigenetic processes. Epigenetic mechanisms include a network of regulatory proteins acting on genes and inducing a certain transcriptional state, which may be also transmitted to the next generation(s) and may predispose to an increased risk for developing metabolic syndrome in the context of a mismatched environment.
Elucidating epigenetic modulation through studies combining animal models with human sample, as well as populational studies, might provide valuable additional information about risk evaluation and more targeted therapeutical intervention.
Conflicts of interest
The authors declare that they have no conflict of interest.
Abbreviations

Apo B
-apoprotein B CpG -cytosine-guanine dinucleotide CPT1A
-carnitine palmitoyltransferase 1A 
